INTRODUCTION
The mammalian gut is host to a wide consortium of microbes from diverse phyla including viruses, prokaryotic bacteria, and eukaryotic microbes. The latter, broadly referred to as the eukaryome (Luke s et al., 2015) , is comprised of a myriad of fungi, helminths, and protists. Several protists are known pathogens of the mouse and human intestine, these include the microsporidia (Encephalitizoan cuniculi) (Stentiford et al., 2016) , Entamoeba histolytica (Moonah et al., 2013) , Toxoplasma gondii (Molloy et al., 2013) , Giardia spp., and Cryptosporidium spp. (Kotloff et al., 2013) , and the host immune response induced upon colonization with these unicellular protozoan parasites is well studied in both patients and experimental settings. In contrast, it is increasingly evident that a constitutive protistic microbiota, which exists as an integral part of the vertebrate microbiome, inhabits mammalian intestinal tracts. The prevalence and classification of these protists, including stramenopiles (Blastocystis spp.), diplomonads (Enteromonas spp.), amoebozoa (Entamoeba dispar, Entamoeba coli), and parabasalids (Pentatrichomonas hominis, Dientamoeba fragilis), as commensal, pathobionts, or pathogens remains enigmatic and debated (Luke s et al., 2015) . The impact of these species on the host in general and, in particular, on the immune system has been practically neglected.
In this study, we describe the critical contribution of the rodent parabasalid Tritrichomonas musculis (T.mu), a previously unrecognized commensal of the rodent microbial flora, in shaping the intestinal immune landscape. We show that intestinal colonization with T.mu leads to inflammasome activation in the epithelial compartment and the release of the inflammatory cytokine IL-18, which in turn contributes to host protection against mucosal bacterial infections but exacerbates disease sequelae in animal models of colitis and tumorogenesis. These results uncover a previously unappreciated mutualistic relationship between a protist and its host and identify the critical contribution of protozoa to mucosal defenses.
RESULTS

Identification of a Gut Protozoan Commensal in Mice
Routine phenotypic analysis of gut tissue revealed a significant expansion of the CD45 + hematopoietic cell compartment in the C57BL/6 (B6) mouse colony maintained ''in-house'' at the Mount Sinai animal facility (Figures 1A and 1B) together with increased levels of IgA in the sera and colonic explants compared to commercially available mice purchased from Jackson Laboratories (Jax) ( Figure 1C ). Remarkably, analysis of colonic luminal content revealed a large number of IgA int DAPI + cells in in-house colonies, which were absent in commercial mice ( Figure 1D ). Microscopic analysis of fecal material from in-house mice revealed the presence of unicellular flagellated microorganisms that resembled a parabasalid protozoan parasite ( Figure 1E ) that were closely adherent to the intestinal epithelial surface ( Figure 1F ). Molecular PCR-DNA sequencing at the 18S (Figure S1C) and ITS (Figures 1H, S1D, and S1E) rDNA locus identified a new protozoan parasite referred to hereafter as Tritrichomonas musculis (T.mu), which is similar to, but distinct from, Tritrichomonas muris. Phylogenetic analysis of T.mu sequences obtained for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a-tubulin, EF1a, and malate dehydrogenase (MDH) from metagenomic sequences obtained from fluorescence-activated cell sorting (FACS)-purified T.mu isolated from infected B6 mice established that T.mu is indeed unique, with close ancestry to Tritrichomonas fetus (Figures S1F-S1I). T.mu was also identified within four separate animal facilities within the intramural NIH animal facilities (Bethesda, MD) in addition to Mount Sinai animal facility indicating that the parasite was both widespread and common within East Coast research facilities.
D. fragilis Is the Closest Human Ortholog
Humans are likewise host to several enteric parabasalids, such as Pentatrichomonas hominis and Dientamoeba fragilis, but whether these protists are commensals, pathobionts, or pathogens is still debated. To determine if a T.mu orthologous sequence type is common in people, we screened 188 fecal samples collected from healthy adults with no gastro-intestinal clinical symptoms obtained from nine health districts as part of a Colombian NIH Health Survey. A heterogeneous array of Dientamoeba fragilis sequences was detected in all health districts sampled (31/188; 16.5%) with the highest incidence (6/19; 31.6%) in the Fomeque region (Table S1 ). To assay whether enteric parabasalids were found globally, we screened available Giardia-positive fecal material obtained from 96 human individuals collected from South America, Africa, Europe, and Asia. We identified a widespread distribution of the human T. mu ortholog (11/96; 11.5%) emphasizing the potentially unappreciated prevalence of T.mu orthologs in humans (Figure S1E) .
Consistent with prior studies (Treuting et al., 2012) , we found little, if any, T.mu in the small intestine of T.mu-bearing animals prompting us to focus mainly on immune changes in the colonic mucosa (data not shown). To directly address whether the presence of T.mu was responsible for the expansion of gut tissueresident immune cells and increased IgA levels, we colonized commercial B6 mice with purified T.mu. We used FACS to purify the protozoan ( Figure S1A and data not shown) that was quadruple sorted, and we confirmed the purity and reproducibility of our sorting method using mass spectrometry analysis of the FACS-sorted T.mu from B6 mice ( Figure S1B ).
Commercial B6 mice were colonized using a single gavage of purified T.mu and analyzed at different times after colonization. The colonization was life-long and persisted in the offspring of the colonized animals for several generations (data not shown). Importantly, T.mu colonization frequency was identical in mice inoculated via oral gavage to in-house T.mu-infected animals ( Figure 1G ). Strikingly, and despite the extensive expansion of gut tissue-resident hematopoietic cells, we failed to detect histological signs of mucosal injury in T.mu-bearing mice, although a mild epithelial and goblet cell hyperplasia was noted in infected animals compared to non-infected controls ( Figures 1I and 1J) . Altogether, these results establish that T.mu is a constituent member of the microbial flora of adult mice capable of colonizing mice with no acute harm to the host and regardless of the preexisting microbial communities present.
T.mu Colonization Rapidly Shapes the Colonic Tissue Immune Landscape
To directly address whether T.mu was responsible for the expansion of gut tissue-resident hematopoietic cells, we characterized the immune cell composition of T.mu-colonized mice using flow cytometry and cytometry by time of flight (CyTOF) analysis of colonic lamina propria (LP) isolated at different times after colonization (Figures 2A-2C ). We observed a substantial increase in Ly6C hi monocytes, CD103 -CD11b + DCs, macrophages, and neutrophils as early as 1 week after colonization, compared to PBS-gavaged mice ( Figures 2C and 2D ). In contrast, migratory CD103 + DCs and CD103 + CD11b + DCs were reduced in the colonic mucosa, in line with their superior ability to migrate to the mesenteric draining lymph nodes (MLNs) in response to inflammatory signals (Bogunovic et al., 2009 (Bogunovic et al., , 2012 . Changes in myeloid cell composition were associated with increased production of tumor necrosis factor alpha (TNF-a) by macrophages and infiltrating Ly6C hi monocytes (Figures 2D and 2E) . In addition to changes of the innate myeloid compartment, T.mu colonization also affected innate lymphoid cells (ILC) (Spits et al., 2013) . While ILC did not expand in T.mu-colonized mice, we observed a substantial increase of IL-5 and IL-13 producing ILC2 in the colonic mucosa, similar to a recent report in the small intestine of mice colonized with the protozoa Tritrichomonas spp (Howitt et al., 2016) . However, we also found that activation of ILC2 in T.mu-colonized mice was associated with a significant increase of GM-CSF-producing ILC3 ( Figures S2A-S2C ). We also detected a drastic expansion of interferon g (IFNg)-producing CD4 + T helper cells (Th1) cells as early as 1 week after T.mu colonization, whereas we failed to detect any expansion of IL-5-, IL-13-, or IL-4-producing Th2 cells ( Figures 2F-2I ). CD4 + IFNg + Th1 cells peaked and plateaued around 2 months postcolonization ( Figure 2J ). We also observed an expansion of interleukin-17 (IL-17)-producing CD4 + Th cells (Th17), which increased around 2-3 weeks after colonization, but to a lower level than Th1 cells ( Figures 2F and 2J ). In addition, we found that the number of activated CD44 hi CD4 + T cells increased in the MLN (data not shown) and colonic LP ( Figure S2E ), while (F) Scanning electron microscopy (SEM) of colonic tissues from in-house mice.
(G) Protozoa per gram of cecum were quantified in five in-house B6 animals naturally colonized with protozoa (B6 Nat) or five animals gavaged with 2 3 10 6 FACS sorted protozoa (B6 Gavage). Bar graph represents number of protozoa per gram of cecum. (H) DNA was isolated from FACS-purified protozoa and subjected to ITS PCR-DNA sequence analysis. Phylogenetic analysis was performed as described in the STAR Methods. The sequence placed the rodent parabasalid, which we hereafter refer to as T. musculis (T.mu), as distinct and sister to a clade comprising the Tritrichomonadidae that shared 95% identity with T. muris.
(I) Intestinal tissues were isolated from B6 mice 2 weeks after inoculation with purified T. mu, and paraffin-embedded sections were stained with H&E (left) and PAS (right).
(J) Pathological scoring of T. mu-inoculated cecum and colons was performed, assessing combined pathological score for colon tissue and colonic goblet cell hyperplasia (left) and cecum tissue and cecum goblet cell hyperplasia (right). Red dashed bar denotes borderline pathological score found in normal mice (score 0-2) (Barthel et al., 2003) . Data shown represent three mice per group, where four to five high-power fields per tissue and animal were assessed. Statistical analysis was performed using unpaired Student's t test. Statistical significance is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bar, 100 mm.
(A-C) Data shown is representative of at least two independent experiments with at least three animals per experimental group. All data are shown as mean ± SEM. Student's t test was performed. Statistical significance is indicated by *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant. See also Figure S1 and Table S1 .
the number of proliferating CD4 + Ki67 + T cells and CXCR3 + CD4 + T cells expanded in the colonic LP 2 weeks after T.mu colonization ( Figures S2D and S2E ). These results suggest that colonization with T.mu promotes the priming of tissue-specific T effector responses in the MLN, followed by the accumulation and/or expansion of effector T cells in the colonic LP. To assess whether the drastic colonic immune modulation observed upon T.mu colonization was not solely due to a collateral effect related to the transfer of endosymbiotic or contaminating bacterial taxa, we inoculated T.mu-free mice with purified T.mu cultured in the presence of five antibiotics (Abx), as previously described (Saeki et al., 1983) . Importantly, we observed a similar induction (Iwasaki, 2007) . CCR7 is a chemokine receptor that controls DC migration from the mucosal tissues to the MLN, and Ccr7 À/À mice lack migratory DCs in the MLN (Jang et al., 2006) . Colonization with T.mu did not lead to Th1 and Th17 cell expansion in Ccr7-deficient mice ( Figure 3A) , suggesting that DC migration may be required to promote T effector cell responses upon T.mu colonization in vivo. However, because CCR7 is also required for T cell entry into the LN (Fö rster et al., 1999) , failure to induce effector cell responses in T.mu colonized Ccr7-deficient mice may also be due to T cell intrinsic defects. LP DCs are heterogeneous and consist of functionally specialized subsets that arise from distinct differentiation lineages. CD103 + CD11b + F4/80 -Flt3 + DCs that require the transcription factor interferon regulatory factor 4 (IRF4) for their differentiation, are more potent at driving Th2 and Th17 differentiation in the mucosal tissues Murphy, 2013; Persson et al., 2013; Schlitzer et al., 2013; Tussiwand et al., 2015 and require the transcription factors IRF8, basic leucine zipper transcription factor ATF-like 3 (BATF3), and inhibitor of DNA binding 2 (ID2) for their differentiation, and are more potent at driving CD8 + T cell immunity (Bogunovic et al., 2009; Edelson et al., 2010; Helft et al., 2010; Varol et al., 2009 Figures 3B and 3D ). In addition to Batf3-deficient mice, Irf8-deficient mice should also be unable to mount T.mu-specific Th1 responses, since IRF8 is required for the differentiation of the CD103 + DC lineage (Helft et al., 2010 Figure S4A ). Importantly, T.mu engraftment efficiency was identical in mice lacking DC or monocytes populations suggesting that differences in T.mu colonization resistance were not responsible for the immune phenotype observed in these mice ( Figure S4B ). Altogether, these results reveal a critical role for tissue-resident DC to the induction of a diverse effector response to T.mu colonization.
To examine whether T.mu was directly responsible for the induction of Th1 and Th17 responses in the colonic mucosa, we colonized germ-free (GF) mice with T.mu and probed the expansion of IFNg and IL-17 T cells in the colonic mucosa 2 weeks after colonization. We found that similar to our observations in conventional mice, T.mu colonization led to an expansion of Th1 and Th17 cells in GF mice. Interestingly, T.mu colonization of GF mice led to a slightly stronger Th17 cell response compared to conventional mice (Figures S5A and S5B) . Increased Th17 response observed in these mice may be due either to increased T.mu colonization ( Figure S5C ) or modulation of Th17 responses by the commensal bacterial flora.
T.mu Shapes Colonic Adaptive Immunity via ASC and IL-18 Activation
The initiation of T helper responses requires the orchestrated actions of cytokines to induce and amplify their effector polarization. Interleukin-12 (IL-12) and IL-18 have been associated with induction of Th1 immunity ( Boraschi and Dinarello, 2006; Sims and Smith, 2010; Trinchieri, 2003) . We found that IL-18 was released at high levels in the colonic tissue upon T.mu colonization ( Figure 4A ) and that IL-18 receptor alpha (IL-18Ra) was expressed at high levels in colonic-infiltrating T cells ( Figure S2G ) prompting us to examine whether increased production of IL-18 contributed to the induction of Th1 response in T.mu colonized mice. We found that absence of IL-18 completely abrogated the expansion not only of CD4 + IFNg + Th1 but also CD4 + IL-17 + Th17 cells upon colonization with T.mu, compared to control mice ( Figure 4B ). Abrogation of the Th1 and Th17 response observed in T.mu-infected Il18 -/-mice was not due to reduced T.mu colonization as T.mu colonization efficiency was identical in Il18 -/-mice that have been either gavaged with purified T.mu or cohoused with T.mu-infected mice ( Figure S4B ). Release of mature and bioactive IL-18 requires cleavage of the precursor form of IL-18 by active caspase-1 (Gu et al., 1997).
Activation of caspase-1 is driven by the assembly of cytosolic multiprotein complexes called ''inflammasomes'' and requires, in most cases, the adaptor apoptosis-associated speck-like protein containing a CARD (ASC) (Schroder and Tschopp, 2010 , and Irf4 DDC mice. Data shown is representative of at least three independent experiments with at least three mice per experimental group for each genotype. All data are shown as mean ± SEM. Student's t test was performed. Statistical significance is indicated by *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant. See also Figure S4 .
2010). To examine the contribution of the epithelial or hematopoietic compartment to IL-18 production upon T.mu infection, we generated (Il18 À/À / wild-type) bone marrow chimeric mice that specifically lack IL-18 in the mucosal hematopoietic compartment. We found that (Il18 À/À / wild-type) bone marrow chimeric mice responded similarly to (wild-type / wild-type) bone marrow chimeric controls to T.mu colonization, suggesting that epithelial production of IL-18 controlled T.mu-driven Th1 and Th17 response in the colon ( Figure 4C ). To further probe the key role of IL-18 in host response to T.mu infection, we colonized Asc -/-mice that are unable to produce active caspase 1 and bioactive IL-18. Consistent with the results observed in Il18 -/-mice, Asc -/-mice failed to mount Th1 and Th17 responses upon T.mu colonization, further establishing the key role of the inflammasome in T.mu-associated adaptive immune responses ( Figure 4D ). ASC-driven caspase 1 activation can also cleave the precursor form of IL-1b (Schroder and Tschopp, 2010; Sims and Smith, 2010) . However, we found that induction of CD4 + IFNg + Th1 and CD4 + IL-17 + Th17 response upon T.mu colonization was less affected in mice lacking Il1r1 ( Figure 4E ). In addition, T cell responses were independent of TLR5 signaling and Myd88 signaling in macrophages and intestinal epithelial cells ( Figure S6 ).
T.mu Colonization Protects from Mucosal Bacterial Infection through Activation of the Inflammasome
The expansion of a strong Th1 immune response, mostly in the large intestine and cecum of colonized mice, led us to explore a potential mutualistic role for T.mu in shaping host mucosal defenses. Thus, we probed the contribution of T.mu to modulating the clinical outcome of enterocolitis driven by Salmonella typhimurium infection, one of the leading causes of enterocolitis in developing countries (Barthel et al., 2003) . Strikingly, we found that while Salmonella infection causes massive cecal inflammation in mice free of T.mu, the cecum of T.mu-colonized mice remained almost unaffected by the bacterial pathogen ( Figure 5A ), despite the fact that Salmonella colonized as efficiently T.muinoculated as T.mu-free mice ( Figure 5B ). All pathological parameters including colonic infiltration of polymorphonuclear granulocytes, submucosal edema, reduction of goblet cells number, and epithelial cell integrity were dramatically improved in mice that were colonized with T.mu prior to the infection with Salmonella ( Figure 5A ). Accordingly, we found that Salmonella colony-forming units (CFU) were strongly reduced in the MLN and spleen of mice inoculated with T.mu compared to T.mu-free animals ( Figure 5B ). Because our results above established that epithelial release of IL-18 was critical to shape T.mu-induced immunity, we asked whether IL-18 contributed to T.mu-mediated protection against mucosal Salmonella infection. Importantly, we found that injection of neutralizing anti-IL-18 antibody strongly reduced the protective effects of the T.mu colonization in Salmonella-infected mice compared to control mice reflected by increased inflammation ( Figure 5C ) and increased Salmonella infection ( Figure 5D ) observed in the group treated with IL-18 blocking antibody in comparison to isotype control-treated mice. These data establish that the presence of T.mu in the microbial flora significantly protects against mucosal infection through the induction of inflammasome-driven IL-18 release by the colonic epithelium.
T.mu Colonization Increases Susceptibility to Pathogenic Inflammation
The sustained levels of inflammatory molecules found in the colonic tissues prompted us to test whether T.mu could also contribute to pathogenic inflammation in infected mice. Thus, conventional or GF immunodeficient recombination-activating gene 2 (Rag2
) mice were colonized with T.mu 2 weeks prior to injection with highly purified CD4 + CD45RB
hi effector T cells. Consistent with prior reports, injection of effector T cells in Rag2 À/À animals led to consistent weight loss, associated with intestinal Data shown is representative of at least two to three independent experiments with at least five mice per group and experiment. All data are shown as mean ± SEM. Student's t test was performed. Statistical significance is indicated by *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant. Scale bar, 100 mm.
inflammation, whereas GF mice were protected from disease (Feng et al., 2010; Read and Powrie, 2001 ). Importantly, conventional and GF animals colonized with T.mu prior to T cell transfer had a more aggravated disease, with increased weight loss starting $2 weeks after T cell transfer, which correlated with more severe pathological score compared to control mice ( Figure 6A ).
Sustained tissue inflammation also prompted us to assess the impact of T.mu on epithelial cell damage. We found that as early as 30 days post-colonization, T.mu led to a significant increase in apoptotic epithelial cells at the tip of the villi and an increased number of proliferating epithelial cells at the villi crypts ( Figures  6B and 6C ), confirming our finding of mild epithelial hyperplasia in T.mu-infected mice ( Figures 1I and 1J) . T.mu-induced epithelial cell activation was associated with increased expression levels of epithelial nitric oxide synthase 2 (Nos2), TNF-a (Tnfa), and IL-22 target genes ( Figures 6D and S3 ), which together with IL-17 have been implicated in exacerbating colorectal cancer (CRC) development (Grivennikov et al., 2012; Kirchberger et al., 2013; Popivanova et al., 2008; Shaked et al., 2012) . The loss of the tumor suppressor gene Adenomatous polyposis coli (Apc) increases the development of intestinal tumors in humans. Apc min/+ mice that carry a truncation mutation in the Apc gene are commonly used as a model of sporadic CRC (Heyer et al., 1999) . Colonization of Apc min/+ mice with T.mu revealed a significant increase in the burden, but not the size, of the colonic tumors $3-4 months following colonization ( Figure 6F ). These results demonstrate that prolonged T.mu colonization can exacerbate the development of tumors in the large intestine of its vertebrate host ( Figures 6E and 6F ).
DISCUSSION
Here, we report the identification of a previously unknown mutualistic interaction between the intestinal protozoan commensal T.mu and its vertebrate host. We found that T.mu engrafts into an established ecosystem, leading to long-lasting colonization without causing any pathological injuries to its host. We also show that T.mu colonization completely remodeled the composition and functional state of the mucosal tissue-resident immune system and increased host protection against mucosal bacterial infections. Colonization with T.mu led to a significant expansion of Th1 cells and Th17 effector cells in the colonic mucosa that was dependent on distinct DC subsets and their ability to migrate to the draining LN but also required the production of IL-18 by the epithelial cells. These results together with the high expression of IL-18Ra on colonic-infiltrating effector T cells ( Figure S2G ) suggest that T.mu-specific T cell immunity is likely initiated in the draining LN by migratory colonic DCs and is likely further propagated at the tissue site by epithelial IL-18.
It is well established that trichomonad flagellates of insects (i.e., oxymonads, trichonymphids, and cristomonads) form endosymbiotic partnerships with bacteria (Hongoh et al., 2008; Noda et al., 2009 ), but it is less clear whether the same is true for flagellated trichomonads of the enteric cavities of animals. Whereas many animal-sourced flagellates can only be maintained as xenic cultures, others such as the oral and vaginal flagellates of humans, Trichomonas tenax and Trichomonas vaginalis, respectively, can be readily adapted to grow axenically (Diamond, 1962) . We found that T.mu cultured in vitro in Abxrich media or isolated from Abx-treated mice harbor different bacterial taxa (data not shown) but yet produce an equivalent immunomodulation of the colonic mucosa as that from FACSsorted T.mu transferred from untreated mice, which argues against specific bacterial taxa as the sole agent(s) responsible for the modulation of colonic immunity and supports an instructive role for T.mu in remodeling the mucosal tissue-resident immune system. Regardless, whether the immunomodulatory phenotype observed in infected animals is mediated exclusively by T.mu, an associated microbial symbiont, or from the composite of a protozoan-microbial endosymbiotic interaction, it is our belief that the protist and any associated microbial symbiont should be treated as a single microbial unit that possesses distinct immunomodulatory properties. Importantly, differences in the microbial composition from different mouse strains did not influence T.mu colonization efficiency. Future studies, however, are needed to assess the degree to which shifts in microbial composition or function that naturally occur in response to T.mu colonization contribute to or modulate the colonic immune system. Importantly, the presence of T.mu in several East Coast research institutions and its highly immune-modulatory effects in the host further emphasizes the need for animal cohousing in experimental immunology research. The cost of cohousing experiments would thus need to be taken into account by funding agencies to facilitate the implementation of these additional controls throughout our research community.
Interestingly, T.mu colonization induced the activation of ILC3 and ILC2. ILC2 activation observed in our study was consistent with recent data showing an expansion of IL-13 and IL-5 producing ILC2 in animals infected with Tritrichomonas spp, which was critical to restrain protozoan loads in mucosal sites (Howitt et al., 2016) . We were unable to verify the degree of homology between the Tritrichomonas species described here and the one described in this recently published study, and thus it remains unclear at this stage how related these two protozoan species are. However, despite the consistent activation of ILC2 in our study, Th2 effector cells were not expanded or activated in T.mu-colonized mice, whereas Th1 and Th17 responses dominated the colonic immune landscape of our mice.
Strikingly, we found that T.mu colonization conferred significant protection from Salmonella infection-driven enteritis in a manner that was fully dependent on the IL-18 inflammasome. Altogether these results uncover a formidable symbiotic hostprotozoan interaction that promotes the release of anti-parasitic cytokines to control protozoan loads (Howitt et al., 2016) while inducing a T effector response to strengthen mucosal defenses against collateral infections such as Salmonella. However, while serving a mutualistic relationship, T.mu colonization also increased murine susceptibility to inflammatory disease and cancer, consistent with prior literature showing that the IL-18/ IL-18 receptor axis increases susceptibility to IBD and cancer in patients (Zitvogel et al., 2012) .
Protists are common members of the constitutive microbiota in humans. However, while most attention has been focused on their pathogenic role in mucosal disease, little is known about their symbiotic relationships with their hosts. Our study identified T.mu's closest human ortholog as D. fragilis, a unicellular parasite capable of inducing gastro-intestinal symptoms in infected human individuals (Barratt et al., 2011) . Controversies are ongoing whether D. fragilis, and for that matter, other protist species such as Enteromonas spp., Entamoeba dispar, Entamoeba coli, and the related parabasalid, Pentatrichomonas hominis, are commensals, pathobionts, or pathogens of the human intestinal tract (Luke s et al., 2015) . Certainly, D. fragilis has been identified as an etiological agent of irritable bowel syndrome (IBS) (Stark et al., 2007) , but it has also been recognized for its potential protective effect against disease flares in patients with inflammatory bowel disease (IBD) (Petersen et al., 2013) . Our findings in the murine system demonstrate a host-protozoan interaction that increases mucosal host defenses at the cost of increased risk of inflammatory disease and this may glean new perspective on the etiology of inflammation and immune homeostasis in individuals colonized with D. fragilis.
The strong mutualistic relationship between the protist T.mu and its rodent hosts highlight the need to expand our understanding of host-protozoan relationships in humans and explore the potential key contributions of commensal protozoa in shaping animal and human mucosal defenses. Interestingly, DNA sequencing of T.mu and D. fragilis in mouse and human reveal a strong genetic diversification of the protist between infected carriers. Phylogenetic classification may thus uncover strong geographical heterogeneity on the species level and could furthermore inform about functional and pathogenic differences between subspecies.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for reagents may be directed to, and will be fulfilled by the corresponding author Miriam Merad (miriam.merad@mssm.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
) mice were purchased from Jackson Laboratory. B6.129S6-Rag2 tm1Fwa N12 (Rag2 À/À ) mice were purchased from Taconic. Asc À/À mice were obtained from Millenium Inc. GF B6 and Rag2 À/À mice were maintained in isolators at the Icahn School of Medicine at Mount Sinai Animal Facility. Unless otherwise stated, mice were used at 6-12 weeks of age. Experiments were carried out using age and gender matched groups. All animal procedures performed in this study were approved by the Institutional Animal Care and Use Committee (IACUC) of Mount Sinai School of Medicine. Animals housed within the vivarium were maintained at specific pathogen free (SPF) health status in individually ventilated cage units that are changed on a weekly basis; cage bottoms are covered with autoclaved bedding and nesting material for enrichment. Mice were fed irradiated food and drink reverse osmosis water from autoclaved bottles or automatic watering system. All animals were manipulated under HEPA filtered air exchange stations or biosafety cabinets and users were required to use chlorine-based disinfectant (MB-10) on gloves and work surfaces within manipulations with animals. All animal users, non-animal users, and husbandry staff were required to wear personnel protection equipment (PPE) to enter the facility i.e., disposable gowns, gloves, head caps, and shoe covers.
Human Specimen Assessing Prevalence of T.mu Orthologs in Humans
Two human cohort populations were available for diagnostic screening. The first was comprised of fecal samples preserved in 100% ethanol collected from 188 otherwise healthy adult individuals from 9 regions in equatorial Colombia as part of a Colombian NIH health survey. The age of the individuals tested ranged between 16-41years-old. All samples were first screened by microscopy for the presence of Giardia spp., Entamoeba spp., Blastocystis hominis and Cryptosporidium spp. The second comprised 96 globally distributed fecal samples preserved in 100% ethanol from patients diagnosed Giardia positive by microscopy. 16 samples each were collected from China, Colombia, Denmark, Ecuador, Egypt, and South Africa. All fecal samples were collected from nine locations across Colombia from asymptomatic adults. The adults provided written informed consent and ethical clearance for this study followed the ethics of Helsinki declaration. The study protocol was approved by the ethics committee from Universidad INCCA de Colombia under the Number 237894.
METHOD DETAILS
Isolation of Lamina Propria and Mesenteric Lymph Nodes Leukocytes
Lamina propria lymphocytes were isolated as described (Vonarbourg et al., 2010) . Briefly, the large intestines were incubated in EDTA supplemented Hank's balanced salt solution (HBSS) without Ca 2+ and Mg 2+ (GIBCO) for 15-20 min at 37 C with mild agitation. The epithelial cell layer was removed by vortexing. Remaining sheets of LP were digested in collagenase (Sigma) and DNaseI (Sigma). The cells were resuspended in 5ml of 40% Percoll (GE Healthcare) and overlaid onto 5ml of 80% Percoll in a 15ml tube. Lymphocytes were collected at the interphase of the Percoll gradient, washed once and resuspended in media. Mesenteric lymph nodes were removed and cleaned from remaining mesenteric fat and digested with collagenase (Sigma) in Hank's balanced salt solution (HBSS) with Ca 2+ and Mg
2+
(GIBCO) and 10% FBS for 15-20 min at 37 C. Cells were washed using FACS buffer and filtered through 70mm cell strainer.
Antibodies
CD3e (clone 145-2C11, eBioscience), CD4 (clone GK1.5, eBioscience), CD11b (clone M1/70, eBioscience), CD11c (clone N418, eBioscience), CD45 (clone 30F11, eBioscience), CD45.2 (clone 104, eBioscience) CD45RB (clone C363.16A, eBioscience), CXCR3 (clone CXCR3-173, Biolegend), CD44 (clone IM7, eBioscience), CD62L (clone MEL-14, Biolegend), Ly6C (clone AL-21, BD), B220 (clone RA3-6B2, eBioscience), ICOS (clone C398.4A, Biolegend), KLRG1 (clone 2F1/KLRG1, Biolegend), RORgt (clone B2D, eBioscience) IgA (clone S107, SouthernBiotech), CD64 (clone X54-5/7.1, Biolegend), CD103 (clone 2E7, eBioscience), F4/80 (clone BM8, Biolegend), I-A/I-E (clone M5/114.15.2, eBioscience), IFNg (clone XMG1.2, eBioscience), IL-17A (clone eBio17B7, eBioscience), IL-22 (clone IL22JOP, eBioscience) Ki67 (clone SolA15, eBioscience) GM-CSF (clone MP1-22E9, eBioscience), IL-5 (clone TRFK5, eBioscience), IL-4 (clone 11B11, eBioscience), IL-13 (clone eBio1316H, eBioscience). Secondary antibodies, isotype controls and fluorophore-conjugated streptavidins were purchased from Biolegend and eBioscience.
Time of Flight Mass Cytometry Analysis
C57Bl/6 mice were gavaged with PBS or 2x10 6 highly purified T. mu prior to analysis. 14 days after inoculation, colonic LP cells were isolated from 2 PBS-treated and 2 T. musculis inoculated mice. Cells from individual samples were bar-coded with anti-CD45 antibodies, pooled and stained with the following antibodies: Ly6G (141 Pr), CD11c (142 Nd), TCRb (143 Nd), CD8 (146 Nd), CD11b (148 Nd), CD19 (149 Sm), CD24 (150 Nd), CD25 (151 Eu), Siglec-F (152 Sm), NKp46 (153 Eu), CD64 (156 Gd), Foxp3 (158 Gd), CD62L (160 Gd), Tbet (161 Dy), Ly6c (162 Dy), RORgt (163 Dy), CD103 (164 Dy), CD117 (166 Er), Gata3 (167 Er), ST2 (168 Er), NK1.1 (170 Er), CD44 (171 Yb), CD4 (172 Yb), MHCII (174 Yb), CD127 (175 Lu), B220 (176 Yb), Cisplatin (195Pt) .
All mass cytometry reagents were purchased from Fluidigm Inc. (former DVS) unless otherwise noted. LN and colons were dissociated into single-cell suspensions, washed with PBS containing 0.1% BSA and blocked with a commercial Fc-blocking reagent (BD Bioscience) to minimize non-specific antibody binding. The cells were then stained with a panel of metal-labeled antibodies against 26 cell surface markers for 30 min on ice, and then washed. All antibodies were either purchased pre-conjugated to metal tags, or conjugated in-house using MaxPar X8 conjugation kits according to the manufacturer's instructions. After antibody staining, the cells were incubated with cisplatin for 5 min at RT as a viability dye for dead cell exclusion. The cells were then fixed and permeabilized with a commercial fix/perm buffer (BD Biosciences) and stained with antibodies against intracellular epitopes and stored in PBS containing 1.6% formaldehyde and a 1:4000 dilution of Ir nucleic acid intercalator to label all nucleated cells. Immediately prior to acquisition, the cells were washed in PBS, then in diH20 and resuspended in diH20 containing a 1/10 dilution of Equation 4 Element Calibration beads. After routine instrument tuning and optimization, the samples were acquired on a CyTOF2 Mass Cytometer in sequential 10 min acquisitions at an acquisition rate of < 500 events /s. The resulting FCS files were concatenated and normalized using a bead-based normalization algorithm in the CyTOF acquisition software and uploaded to Cytobank for analysis. FCS files were manually pre-gated on Ir193 DNA + CD45+ events, excluding dead cells, doublets and DNA-negative debris, and the gated populations were then analyzed using viSNE (Amir et al., 2013) based on all myeloid phenotypic markers. Putative cell populations on the resulting viSNE map were manually gated based on the expression of canonical markers, while allowing for visualization of additional heterogeneity within and outside of the labeled population bubbles.
Flow Cytometry Analysis
Isolated cells were surface stained in FACS buffer (PBS w/o Ca 2+ Mg 2+ supplemented with 2% heat inactivated FBS and 5mM EDTA)
for 20-30 min on ice. Staining for CXCR3 was performed for 30min at room temperature. Multiparameter analysis was performed on a LSR II Fortessa (BD) and analyzed with FlowJo software (Tree Star). Dead cells and doublets were excluded from all analysis. For the detection of cytokines, cells were cultured in media in the presence of Brefeldin A (10mg/ml) for 4h at 37 C. Ex vivo stimulations were carried out in the presence of Brefeldin A, phorbol 12-myristate 13-acetate (PMA) (Sigma) and Ionomycin (Sigma). Cells were fixed post stimulation using Cytofix/Cytoperm buffer (BD). Intracellular staining with anti-IFNg, anti-IL-17A and anti-IL-22 was performed in FACS buffer containing 0.5% Saponin (Sigma). For the detection of transcription factors, cells were fixed and stained using the Foxp3-staining kit (eBioscience) according to the manufacturer's instructions.
Detection of Bacterial Bound IgA
The cecum of mice was isolated, cut open and luminal content was washed out into 25ml of fresh cold PBS. Content was vortexed and filtered 2-3 times through 70mm cell strainer. Flow through was spun for 10min at 4000rpm at 4 C. Collected content was resuspended in 5-10ml of PBS and 500ml were stained with anti-IgA antibodies and DAPI. Cecal content from Rag2 À/À mice served as a negative control for IgA binding.
Scanning Electron Microscopy
T.mu containing colonic and cecal tissue was fixed in 3% Glutaraldehyde/0.2M Sodium Cacodylate Buffer at pH7.3 for more than one hour. Fixative was washed away using 0.2M Sodium Cacodylate Buffer pH 7.3 for 10 min. Tissues were fixed in 1% Osmium Tetraoxide/0.2M Cacodylate Buffer pH 7.3 for one hour. After washing, tissues were dehydrated using increasing concentrations of Ethyl Alcohol (1x 10min 50%, 1x 10min 70%, 1x 10min 95%, 3x 10min 100%). After dehydration, tissues were critical point dried, mounted and sputter coated prior to imaging. Scanning electron pictures were taken on a Hitachi Field Emission S4300 scanning electron microscope.
Giemsa Staining
T.mu were triple sorted into PBS and spun onto glass slides. Cells were semi-dried and fixed in cold methanol. Cells were stained with Giemsa (Sigma) according to the manufacturer's instructions.
Purification of Tritrichomonas musculis from Cecal Content
The cecal content of T. mu containing mice was harvested into 30ml of sterile PBS and filtered several times through a 70mm cell strainer. The suspension was spun at 1000rpm for 5min at 4 C. The supernatant was discarded and the pellet was washed twice with 30ml PBS. The pellet was resuspended in sterile PBS after the final wash and cells were triple sorted into PBS on a FACS ARIA II using the 70mm nozzle at 70psi at 4 C. Purity was > 99%. One to two million collected T. mu were gavaged into mice immediately after the sort.
Culture of Tritrichomonas musculis
Culture of T.musculis was performed as described in Saeki et al. (1983) . Briefly, cecums of T.mu infected mice were flushed with PBS, passed through the 70 um cell strainers and spun down at 1000 rpm for 5 min. In order to enrich for T.mu containing fraction the 40/80% percoll gradient centrifugation step was performed at 1000 g for 15 min with breaks off and the T.mu were collected at the interphase. The interphase containing T.mu was spun down again at 1750 rpm for 10 min and resuspended in T.mu culture medium. T.mu culture medium was prepared as described by Saeki et al. (1983) with the following modifications. Briefly cecums of mice were harvested and homogenized in PBS with 25 volumes of PBS per corresponding cecum weights. In order to get homogeneous suspension the cecum extract was stirred at 4 C for 6 hr and then spun down at 3500rpm for 10 min and the supernatant was filtered. The filtered cecal extract was used to resuspend the TrichoselTM broth (Becton Dickinson) and titrated to pH 7 with NaOH. The medium was then autoclaved prior to be supplemented with 10% heat-inactivated horse serum and with Abx against Gram positive and negative bacteria including vancomycin, gentamicin, streptomycin, penicillin and amphotericin B. 2 3 10 6 T.mu were inoculated per ml of growth media and cultured under anaerobic conditions for 3 days. After 3 days of cultures, the T.mu containing media was centrifuged at 1750 rpm for 10 min and 2 3 10 6 T.mu was inoculated per mouse as described above.
Quantification of T.mu Colonization Efficiency
Cecum of mice colonized with T.mu was excised weighted and cut longitudinally. Cecal content was harvested and resuspended in 10 ml of sterile PBS. Trophozoites were counted using hemocytometer and the numbers of T.mu trophozoites per gram of cecum were measured.
Pathological Assessment of Intestinal Tissue
Cecums and colons were fixed, embedded in paraffin and sections were cut and stained with hematoxylin and eosin (H&E) and Periodic acid-Schiff (PAS) according to standard procedures. Pathological evaluation was performed by a pathologist assessing epithelial thickness, and epithelial integrity, submucosal edema, Goblet cell numbers, presence of polymorphonuclear granulocytes and a pathological score was assigned according to Barthel et al. (2003) .
Quantitative Real-Time PCR Conventional reverse transcription, using the Sprint PowerScript reverse transcriptase (Clontech) was performed in accordance with the manufacturers' instructions. Quantitative real-time PCR (Q-PCR) was performed with SYBR GREEN on an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). The PCR protocol consisted of one cycle at 95 C (10 min) followed by 40 cycles of 95 C (15 s) and 58 C (1 min). Expression of hypoxanthine-guanine phosphoribosyltransferase (Hprt) was used as a standard. The average threshold cycle number (CRtR) for each tested mRNA was used to quantify the relative expression of each gene: 2^-[Ct(gene)-Ct(Hprt)]. Primers are listed below:
ELISA 300-500ml of mouse blood was collected and serum was isolated using Serum/Gel Z/1.1 serum separation tubes (SARSTEDT, Germany) according to the manufacturers protocol. Serum was stored at À80 C. Immunoglobulins were absorbed on high-bound plates (NUNC) and anti-IgA ELISA was performed using the anti-mouse IgA-HRP antibody (Southern Biotech). 200-300mg of ascending colonic tissue were cultured in 500ul of complete RPMI at 37 C and 5% CO 2 . Supernatant was collected 24h later, transferred into sterile tubes and stored at À80 C. Detection of IL-18 from overnight tissue explants was performed using the IL-18 ELISA kit (eBioscience) according to the manufacturers protocol.
MALDI-TOF
T.mu cells were quadrupel sorted into sterile PBS. The cells were pelleted for 3 min at 15,000 g. PBS was removed and the pellet resuspended in 100mL 70% ethanol. Fixed Trichomonas were pelleted again for 3 min at 15,000 g. The 70% ethanol was removed and the pellets were resuspended in 10mL 70% formic acid for lysis followed by the addition of 10mL acetonitrile. The formic acid and acetonitrile mixture was spun for 3 min at 15,000 g and 1mL of the supernatant was spotted into the MALDI-TOF target plate. After the lysate was dry, 1 ml of a-cyano-4-hydroxycinnamic acid matrix was added on top of each spot. The target was then analyzed with a MALDI TOF BioTyper (Bruker) according to manufacturer's instructions. Repetitive recordings were collected and these spectra used to create a reference spectrum, which was used for future identification and quality control of the Trichomonas at other time points.
RNA-Seq Analysis of Epithelial Cells RNA sequencing was performed on RNA isolated from whole colonic tissues or epithelial cells. Groups of age and gendermatched mice were colonized with purified T.mu and RNA was isolated using Trizol. RNA was purified using phenol/chloroform extraction. Quantification was performed using the Qubit RNA assay kit HS according to the manufacturers protocol. RNA was sequenced at the Broad Technology Services using the High-throughput eukaryote 3 0 DGE library. RNA count analysis and visualization was done in R (https://www.R-project.org/.). RNA counts were converted to log2-counts per million using the voom package (Law et al., 2014) . Differential expression was quantified using the lmFit function in the limma package (Ritchie et al., 2015) . Gene sets were downloaded from the MSigDB mouse ortholog website (Subramanian et al., 2005) (http://bioinf. wehi.edu.au/software/MSigDB/) and enrichment was computed using a hypergeometric test. Data was visualized using ggplot2. The reads were quality filtered as follows. First, the bases at the ends of the reads with quality less than 10 were trimmed. If the quality of the leftover part at the 20-th percentile was less than 5 or the length of the leftover part was less than 20 the read was discarded. If one of the paired end reads failed the quality control, the mate was discarded as well. Reads were aligned using STAR (Dobin et al., 2013) to the mouse genome. Counts for reads mapping to each gene were evaluated using the Subread package (Liao et al., 2013) .
Phylogenetic and Metagenomic Sequencing of T.mu DNA was isolated from FACS-purified protozoa and subjected to ITS PCR-DNA sequence analysis using pan-parabasalid primers anchored in the 18S [AATACGTCCCCTGCCCTTTGT] and 28S [TCCTCCGCTTAATGAGATGC] rDNA gene array that amplify across the polymorphic ITS region. PCR amplification consisted of 35 cycles of 40 s at 95 C, 40 s at 58 C, and 40 s at 72 C. Phylogenetic analysis was inferred using RAxML methodology after alignment to related parabasalid sequences downloaded from GenBank. The sequence deposited in GenBank has accession number (T.musculis_18S.sqn Tritrichomonas KX000921 and T.musculis_ITS.sqn Tritrichomonas KX000922).Branching support was assessed using ML bootstrap analysis (1000 replications). Major groups are bracketed and labeled. The sequence placed the rodent parabasalid, which we hereafter refer to as T. musculis (T.mu), as distinct and sister to a clade comprising the Tritrichomonadidae that shared 95% identity with T. muris. T.mu was FACS-sorted and pulled from five in-house mice naturally colonized with T.mu. DNA was extracted using the QIAGEN stool extraction kit according to manufacturer specifications. A paired-end TrueSeq nano DNA sequencing library (Illumina, Cat. No. 15041110) with an average insert size of 550 bp was prepared using 200 ng of input T.mu genomic DNA and run on an Illumina Mi-Seq platform. 35.61 million reads passed filtering T.mu sequences for the following genes alpha-Tubulin, EF1-alpha, GAPDH, and MDH were pulled from the metagenomic data for phylogenetic discrimination of T.mu from other enteric parabasailds as follows: reference sequences from the related parabasalids T. fetus and T.vaginalis for the 4 marker genes were downloaded from NCBI. BWA (v0.7.5a) was used to map reads against these 4 sequences. GATK (v3.5) in conjunction with Picard (v1.131) were used to select only high quality reads (average read depth for single copy loci was 20X) to produce a consensus sequence. No heterozygous SNP positions were identified in the regions mapped. Sequences were deposited in GenBank, with the following Accession IDs: KX492911, 12, 13, 14.
Salmonella Infection
Groups of age and gender matched C57BL/6 mice were either left untreated or were orally gavaged with 2x10 6 purified T.mu. 14 days after treatment mice were orally gavaged with Streptomycin and infected with Salmonella typhimurium as previously described (Barthel et al., 2003) , Infection and Immunity. Colony-forming units of S typhimurium in fecal pellets, the cecum, the spleen and the mesenteric lymph nodes were measured on MacConkey agar plates containing Streptomycin 48h after infection. Cecal weight was recorded and caeca were fixed, embedded in paraffin and sections were cut and stained with hematoxylin and eosin (H&E) according to standard procedures. Pathological evaluation was performed by a pathologist in a blinded manner and scored as previously described (Barthel et al., 2003) . For neutralization of IL-18, groups of Trichomonas infected mice were injected 3 times with 200mg of neutralizing anti-IL-18 antibody (YIGIF74-1G7, Bioxcell) prior to infection with Salmonella.
T Cell Transfer Colitis
Groups of age and gender matched SPF or GF Rag2 À/À mice were either gavaged with PBS or 1-2x10 6 highly purified T.mu.
Conventionalized GF Rag2
À/À mice were colonized with SPF Rag2 À/À flora through fecal transplantation 4 weeks prior to gavage with PBS or T. musculis. Two weeks after gavage, 0.75-1x10 6 highly purified CD4 + CD45RB hi T cells were injected i.p. into mice. To purify CD45RB hi T cells spleens and lymph nodes of 6-8 week old mice were isolated and organs were mashed through a 70mm cell strainer. Leukocytes were obtained through red cell lysis and stained with biotinylated anti-CD4 antibodies followed by incubation with magnetic anti-biotin beads. The enriched lymphocyte fraction was stained with DAPI, anti-TCRb, anti-CD4, anti-CD45RB and anti-CD25 antibodies. TCRb + CD4 + CD45RB hi CD25 -cells were sorted on a BD FACS ARIA II into complete RPMI media containing 10% (heat inactivated) FBS. 0.75-1x10 6 T cells were injected i.p. into Rag2 À/À mice.
Weight loss was monitored weekly and pathological evaluation of colons was performed as endpoint analysis on H&E stained sections of paraffin-embedded colons. Pathological scores were assessed by experimental pathologist in a blind fashion and calculated based on the previously established scoring method (Asseman et al., 1999) .
Colorectal Cancer Model Apc
+/min
Groups of 4-week-old Apc +/min mice were left untreated or were orally gavaged with 2x10 6 purified T.mu. 3-4 months later, mice were analyzed and tumor burden and tumor size were measured.
Immunofluorescence Analysis TUNEL staining was performed using the TUNEL staining kit (Roche) according to the manufacturer's protocol. Ki67 staining was performed using anti-Ki67 antibody (clone: VPRMO4 Vector Lab) on paraffin-embedded sections. Antigen retrieval was performed in Demasking Solution at 800W for 15min (Vector Lab H-3300).
QUANTIFICATION AND STATISTICAL ANALYSIS
In each experiment, multiple mice were analyzed as biological replicates as indicated in all the figures. Graphs show mean ± SEM. Student's t test or ONE-way ANOVA Bonferroni's Multiple Comparison Test was used to determine significance. * p < 0.05, ** p < 0.01, *** p < 0.001.
DATA AND SOFTWARE AVAILABILITY
The accession number for the sequencing data reported in this paper is GEO: GSE86111. The T.mu sequences have been deposited to the GenBank. The accession number for the T.mu sequences are as follows; T.musculis_18S.sqn Tritrichomonas GenBank: KX000921, T.musculis_ITS.sqn Tritrichomonas GenBank: KX000922, T.musculis a-tubulin, GenBank: KX492911; T.musculis EF1a, GenBank: KX492912; T.musculis GAPDH, GenBank: KX492913; T.musculis, MDH, GenBank: KX492914. Figure S1 . Purification and Phylogenetic Analysis of T.mu, Related to Figure 1 
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